PHYSICAL REVIEW B 109, 155153 (2024)

Switchable in-plane anomalous Hall effect by magnetization orientation in monolayer Mn;Si, Teq
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In-plane anomalous Hall effect (IPAHE) is an unconventional anomalous Hall effect (AHE) where the Hall
current flows in the plane spanned by the magnetization or magnetic field and the electric field. Here, we predict
a stable two-dimensional ferromagnetic monolayer Mn;Si, Teg with collinear ordering of Mn moments in the
basal plane. Moreover, we reveal that monolayer Mn;Si, Tes possesses a substantial periodic IPAHE due to the
threefold rotational symmetry, which can be switched by changing the magnetization orientation by external
magnetic fields. In addition, we briefly discuss the impacts of moderate strains on the electronic states and the
AHE, which lead to a near quantized Hall conductivity. Our work provides a potential platform for realizing a
sizable and controllable IPAHE that greatly facilitates the application of energy-efficient spintronic devices.
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I. INTRODUCTION

The conventional anamalous Hall effect (AHE) with the
orthogonal magnetization, electric field, and Hall current in
ferromagnetic (FM) materials could be crucial in understand-
ing dissipationless quantum phenomena [1,2] and realizing
low-power spintronic devices [3-6]. In magnetic materials,
the Onsager relation allows the unconventional AHE with the
planar configuration among the magnetization/magnetic field,
the Hall current, and the electric field named the in-plane
AHE (IPAHE) [7]. It originates from the Berry curvature of
electrons and is in contrast to the conventional planar Hall
effect that has the essential nature of anisotropic magne-
toresistance [8—12]. Recently, the IPAHE and its quantized
counterpart have attracted significant attention and been the-
oretically investigated in various quantum materials, such
as thin films of magnetic/nonmagnetic topological insu-
lators, graphenelike systems, monolayer transitional-metal
oxides, and van der Waals heterostructures [13-25]. Re-
markably, the TPAHE has been reported experimentally
in heterodimensional VS,-VS superlattice [25,26]. How-
ever, realistic magnetic materials with easily tunable in-
plane magnetization orientation that harbor IPAHE are still
challenging.

Recently, a colossal angular-dependent magnetoresistance
has been reported in Mn3Si,Teg single crystals [27,28], in
which a seven-order-of-magnitude reduction occurred in ab
plane resistivity and was attributed to the metal-insulator tran-
sition driven by lifting of the topological band degeneracy
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[27] or the first-order “melting transition” driven by chiral
orbital currents [29]. Moreover, Mn3Si, Teg exhibits a variety
of intriguing quantum phenomena [30-41], such as polaronic
transport and a sizable anomalous Nernst signal. Notably,
a quasi-two-dimensional Mn3Si,Teg nanosheet for ultrafast
photonics has been obtained by a mechanical exfoliation pro-
cedure [42], enabling us to investigate novel quantum states
in few layers and monolayers of Mn;3Si,Teg. Furthermore,
Mn;Si; Teg exhibits typical characteristics of soft magnetic
materials with rapid response to in-plane magnetic fields [30].
Thus, monolayer Mnj3Si,Tes provides a practical material
platform for the interplay between electronic topology, orbital
physics, and magnetism.

In this work, we systematically investigate the magnetism,
the electronic structure, and the intrinsic AHE of mono-
layer Mn3Si,Teg. We find that monolayer Mnj3Si, Teg has no
imaginary frequency in the phonon spectrum and displays
unusual in-plane magnetization with a tiny planar magnetic
anisotropy energy (MAE). Notably, a significant sixfold AHE
is found in monolayer Mn3SiTeg and can be controllable
by manipulating the magnetization orientation. Moreover, the
strain effects on the electronic states and the AHE are also
explored.

II. STRUCTURE PROPERTIES

The ferrimagnetic compound Mn3SirTeg crystalizes in
a layered structure with the space group P31c (No. 163)
[30,43]. The crystal structure of monolayer Mn3Si, Teg has the
space group P31m (No. 162) that only contains the rotational
part of P31c, as shown in Fig. 1(a). Note that both P31m and
P31c possess the same point group Ds,. Each Mn atom is
coordinated by six Te atoms forming a distorted octahedral

©2024 American Physical Society
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FIG. 1. (a) The top and side views of monolayer Mn3Si, Tes, where Mn, Si, Te-top, and Te-bottom are represented by pink, blue, green,
and brown balls, respectively. The nattier blue face represents the distorted Te octahedral. The energy variation depends on (b) the polar angle
of magnetization in the basal plane and (c) the plane perpendicular to the a axis of monolayer Mnj;Si, Teg.

crystal field [44]. The Mn atoms form a simple hexagonal
lattice at the 2c Wyckoff position. Monolayer Mn;3Si,Teg
includes five atomic layers and ten atoms per primitive hexag-
onal unit cell, with the Si atom being surrounded by six Te
atoms. It is noteworthy that the Te atoms are not on the same
plane and form the low-buckled structure, which breaks the
out-of-plane mirror reflection and would be crucial to real-
izing novel topological quantum states [45,46]. The crystal
structure of monolayer Mn3Si;Teg has the point group D3y
with three mirror symmetries labeled Mjo10;, M100, and
Mii10, as illustrated in Fig. 1(a). When the moments are
rotated in the x-y plane, only the mirror normal to the magneti-
zation direction [i.e., ¢ = 2n+ 1) /6, withn =0, 1, ..., 5]

can be preserved (because the magnetization is a pseudovec-
tor). For instance, as shown in Fig. 2(d), if the magnetization
direction is along ¢ = 7 /6, the mirror Mo ;¢ is persevered.
As a result, this system has three different magnetic space
groups depending on the orientation of the moments with
respect to ¢. It has magnetic space groups C2'/m’ and C2/m
at ¢ =2nw /6 and ¢ = (2n + 1)1 /6, respectively. For any
other general orientations, it has the magnetic space group
P — 1 with only two symmetry operations, i.e., E (identity)
and P (inversion). The lattice constants are listed in Table I.
The structural stability is examined by the phonon spec-
tra calculations (see computational details in Appendix A).
There are no evident soft modes at finite ¢ in the calculated
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FIG. 2. (a) Band structure of monolayer Mn;Si,Teq with and without SOC. C, labels the degenerate points. (b) The distributions of
degenerate points in the first BZ. (¢c) The dominant components of PDOS of monolayer Mnj;Si, Teg without SOC. (d) The illustration of C,
and mirror M symmetry at ¢ = 7 /6. (e) The calculated AHC vs Fermi energy with ¢ at 0°, 20°, 30°, 40°, and 60°. (f) The AHC vs different
in-plane magnetization with a given Fermi energy of 0.07 eV. The values represent the magnitudes of AHCs, and the blue and orange colors

represent negative and positive AHCs, respectively.
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TABLE I. Lattice constants, thickness, bond angle of Te-Mn-Te,
and total energy E (meV) for Néel, stripe, and zigzag in-plane AFM
configurations with the Néel vector in the x direction per unit cell
relative to the FM ground state.

TABLE III. Total energy E (meV) for FM, Néel, stripe, and
zigzag antiferromagnetic configurations with the Néel vector in the
x direction per unit cell, where zero is set as the energy of the FM
configuration with spin in the x direction.

a(A) d@A) 6¢) Néelx

86.2

Stripe x  Zigzag x

Mn;Si,Teg  6.856  3.559 154.6 23.3 14.2

phonon spectrum, probably implying the mechanical stability
of monolayer Mn3Si,Teg, as shown in Fig. 5. The ultrathin
Mnj;Si; Teg nanoflakes obtained by using a simple mechanical
exfoliation procedure in Ref. [42] indicated that monolayer
Mn;Si, Teg could exist stably and be prepared by the delicate
mechanical exfoliation or by growth via the molecular beam
epitaxy technique.

III. MAGNETIC PROPERTIES

In order to uncover the nature of the magnetic ground
state of monolayer Mn3Si,Tes, we performed the electronic
structure calculations by considering typical magnetic con-
figurations of Mn spin moments (see Appendix B) [24,47],
i.e., FM, (ii) Néel antiferromagnetic (AFM)), (iii) stripe AFM,
and (iv) zigzag AFM aligned in three directions. Table I lists
the AFM energy of some in-plane AFM configurations with
the Néel vector in the x direction relative to the FM ground
state in units of meV. The total energies of these configura-
tions aligned in three directions listed in Table III indicate
that the FM state is preferred in monolayer Mnj3Si, Teg, il-
lustrated in Fig. 1(a). Noted that the origin of the FM order
in monolayer Mn3;Si;Teq may share the same mechanism
of Ruderman-Kittel-Kasuya-Yosida interaction mediated by
the itinerant carriers as the monolayer MnSiTe; with out-
of-plane FM order [47]. For the FM state, the calculated
local magnetic moments of Mn are about 3.816 up per
Mn atom, close to the experimental value in the single
crystals [30].

We further calculate the MAE to obtain the easy magneti-
zation direction. The MAE:s in different directions relative to
the z axis are shown in Fig. 1(b). It can be seen that the mag-
netization is predominantly oriented in the basal plane with
strong anisotropy, and the dipolar energy is about 7.87 meV.
In the basal plane of monolayer Mn3Si,Tes, the angular de-
pendence of the total energy [shown in Fig. 1(c)] indicates that
the magnetization lies in the a axis or the 60° direction, with a
slight degree of in-plane magnetic anisotropy that produces
only 54 ueV of dipolar energy. The large MAE of out-of-
plane magnetization and the negligible difference in in-plane
magnetization imply the feasible manipulation of in-plane
magnetization orientation.

TABLE II. Constraint on the IPAHE under symmetry operations.
The label Y (N) denotes symmetry allowed (forbidden).

Sym. operator M, M, TMy, TM. C;; TCy, Co TC
N N Y

OHall N Y Y N Y

M Néel Stripe Zigzag
Spin z 18.3 173.7 42.5 304.2
Spin x 0 183.0 325 297.3
Spin y 0.0 184.4 34.7 263.4

IV. ELECTRONIC STRUCTURE

Figure 2(a) shows the band structures and density of states
(DOS) of the magnetic ground state of monolayer Mn3Si, Teg
with and without spin-orbit coupling (SOC). One can see that
the bands in the spin-up channel [48] are insulating with a gap
of 0.46 eV, whereas only the spin-down channel crosses the
Fermi level, thus monolayer Mn3Si,Teg has a half-metallic
character. For the spin-down states, we find the linear band
crossings near the Fermi level labeled by C; to Cy4 in the first
Brillouin zone (BZ) as shown in Fig. 2(b). Meanwhile, we plot
the dominant components of partial density of states without
SOC around the Fermi energy [shown in Fig. 2(c)]. It is clear
that the DOS around Fermi energy are dominated by Mn d,.,
dy;, dyy, and d,>_,> orbitals and Te p, . orbitals in the spin-up
channel. We also identify several sharp peaks that correspond
to van Hove singularities, such as the one slightly above the
Fermi energy and the one from the nearly flat band near the
M point (about —0.3 eV). After taking account of the SOC,
the band anticrossings open small gaps, which could host
nonzero Berry curvature, implying a finite AHE in monolayer
MI]3 Si2T66.

It should be noted that there are three inequivalent I'-M
lines, i.e., I'-M, I'-M’, and I'-M”, as shown in Fig. 7. For
example, when the magnetization direction is along ¢ = 7 /6,
the C, operation makes I'-M’ equivalent to '-M”. Meanwhile,
the mirror Mj; o) operation makes I'-M equivalent to I'-M’
for the magnetization direction being along ¢ = 7 /2. We also
calculated the energy dispersions along the M"-I'-M-K-TI"-
M’ path for six representative orientations of the magnetic
moments, as shown in Fig. 2(b) and Appendix B. The cal-
culated band dispersions are consistent with the symmetry
analysis. Note that the similarity of the energy dispersions
for inequivalent I'-M lines might come from the small pla-
nar magnetic anisotropy energy that does cause dramatic
change of energy bands except for the parts near the Fermi
energy.

In fact, the two bands are degenerate protected by Mo g
for ¢ = (2n + 1) /6, but become split for other orientations.
The above discussion pointed out that this material has a type-
I magnetic space group, C2/m, at ¢ = (2n + 1) /6. Based on
the group representation theory, the wave-vector group along
I'-M only have one-dimensional irreducible representations
[44]. Meanwhile, the two bands near the crossing point belong
to different irreps LD; and LD,. Therefore, the crossing states
transform according to different irreducible representations
of the wave-vector group of the high-symmetry path I'-M.
Their hybridization is prevented and a crossing at this point
of intersection is symmetry protected.
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V. MAGNETIZATION-ORIENTATION-DEPENDENT
ANOMALOUS HALL EFFECT

Symmetry analysis provides a useful tool to understand
various physical properties of solids, such as electric con-
ductivity tensors [49,50]. Recent work further reveals that the
mirror symmetry M,,, the rotational symmetry C,,, and their
combination with time-reversal symmetry 7 could effectively
determine the IPAHE in magnetic materials [25]. For mono-
layer Mnj3Si, Teg, the point group D3, contains three twofold
rotations C, in the basal plane, two threefold rotations Cj
perpendicular to the basal plane, and the combined symme-
try with spatial inversion. For example, the two-dimensional
(2D) Hall effect is expressed as j, = oy, E,. Since the electric
field is even and the electric current is odd under the mirror
reflection about the y plane (M,), the Hall response equa-
tion becomes j, = —o,,E,. Consequently, o,, should vanish
if the M, invariant is present. It can also be seen from the
transforming of Berry curvature under the mirror operation.
The mirror operation M acts on the Berry curvature £2,, as
M 82, (k) = — 82,y (—k, ky). For a system respecting M., it
leads to M $2,,(k) = —82,,(—k,, ky) = £2,,(k,, k,). Because
the Berry curvature is an odd function of k,, the integration of
Berry curvature over the whole Brillouin zone vanishes. It is
known that, the in-plane magnetization is perpendicular to the
mirror plane, and the corresponding mirror symmetry is pre-
served. Thus, we need to break all in-plane mirror symmetries
to realize a nonzero IPAHE as well as its quantized version.
For this material, the detailed constraints on the IPAHE under
symmetry operations are summarized in Table II.

Figure 2(d) shows one special orientation of magnetiza-
tion (¢ = 30°) within the basal plane, where ¢ is the angle
between magnetization and the x axis. In this situation, the
magnetization is perpendicular to the mirror plane Mgy,
and the AHE vanishes due to the related mirror symmetry.
This symmetry analysis can be applicable to the other two
mirror planes that can be connected by the C;, rotational
operation.

It is known that, for 2D materials, the anomalous Hall
conductivity (AHC) can be evaluated by integrating the Berry
curvature of electrons over the BZ [2]. Figure 2(e) shows the
calculated AHC relative to the Fermi level along different
magnetization orientations. One finds that, for the magneti-
zation aligned with the 30° and 90° directions and the electric
current along the x axis, the AHCs vanish at the entire energy
range [51]. The AHCs in the directions 20° and 40° have al-
most the same magnitudes but opposite signs. The magnitudes
of AHCs are sensitive to the Fermi energy, which can be en-
hanced by shifting the chemical potential [e.g., o, = —0.86
(€?/h) at u = 0.07 eV].

Figure 2(f) shows the calculated AHC as a function of
the magnetization direction ¢ for a given chemical potential
at © = 0.07 eV. As discussed above, the symmetry restric-
tions of monolayer Mn;3Si, Tes force oy, (¢,) = 0, where ¢, =
2n+ 1)m/6,withn =0, 1, 2, 3,4, and 5. We also found the
switching of oy,(¢) on both sides of ¢,, which means that
one can change the ¢ slightly around ¢, and reverse the sign
of the AHC. In particular, the tiny MAE in the basal plane
allows an easy switching of the AHE via a small external
magnetic field to change the direction of magnetization. The
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FIG. 3. Band-resolved Berry curvature distribution for some se-
lected magnetization orientations in 0° (a), 20° (b), 30° (c), and 40°
(d). In the direction of ¢ = 30°, the closure of the energy gaps in the
I'-M path leads to AHC vanishing. As the direction changes from 30°
to 0°, the gaps increase gradually, and the AHC achieves its maximal
value near 30°. For the directions ¢ = 20° and ¢ = 40°, the Berry
curvatures are opposite.

AHC with magnetization M is marked as o, (M), where the
angle of M to the crystallographic a axis is located in the re-
gion of blue in Fig. 2(f). Next, for the opposite magnetization
—M,, the corresponding AHC is o,,(—M). The dissipationless
nature of the AHE implies that the Hall conductivity is odd in
magnetization or magnetic field, thatis, o,,(M) = —0,(—M)
[7]. Due to the C3, rotational symmetry and the time-reversal
symmetry, one can reach the periodic AHE with ¢ that disap-
pears at special directions ¢,,. These distinctive features of the
IPAHE here could be detected in the four- or six-Hall setup in
conventional transport experiments.

In order to better understand the AHE, we calculate the ob-
tained band-resolved Berry curvature distribution and depict
the results in Fig. 3 (the whole high-symmetry path is shown
in Fig. 8). It is clear that the splitting of the doubly degenerate
bands generates a nonzero Berry curvature near the gap open-
ing area (hot spots), leading to a finite AHE at ¢ = 0°. The
AHC disappears at ¢ = 30° due to the opposite Berry curva-
ture contributed by the up and down bands near the crossing
point, which is consistent with the symmetry constraint. In
addition, for two angles ¢, and ¢, that are symmetric relative
to the critical angles (e.g., ¢; = 20° and ¢, = 40°) and break
the mirror symmetry, both have the same magnitude of Berry
curvature with opposite signs resulting from the opposite-sign
Rashba SOC mass term, leading to the opposite AHC. It can
be understood by the band inversion mechanism associated
with a sign reversal of energy gaps, such as near the C; and
C, points [52]. In addition, the Berry curvature dipole and
the resulting nonlinear Hall effect are allowed in Mn3Si,Teg
[53-55] and deserve further discussions.

Pressure or strain serves as a powerful control knob for
tuning the physical properties of solids via altering the crystal
constants. Stimulated by recent experiments showing that
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and (d) a/a, = 1.02. a/a, represents modification of the lattice con-
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pressure could dramatically modify the electronic states and
the novel colossal magnetoresistance in bulk Mn3Si, Teg [34],
we thus would like to investigate the strain effect on the
electronic states and the corresponding AHE in monolayer
Mn;Si, Teg and present the calculated results in Fig. 4. One
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FIG. 5. The calculated phonon dispersion of monolayer
MIl3SizT€6.
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FIG. 6. FM and three AFM configurations with the Néel vector
in x, y, and z directions corresponding to Table III.

can see that the energy bands near the Fermi level hosting
the Berry curvature hot spots almost remain unchanged.
Interestingly, the moderate tensional strain (a/a, = 1.02)
greatly enlarges the band separation (0.15-0.20 eV) along the
M-K direction, leading to a near quantized Hall conductivity
[Fig. 4(d)], which may be observed through electric gating
or doping. In comparison, we also calculate the behaviors
of energy bands and the AHE versus c-axis compressible
or tensile strains in Mn3Si,Teg crystal, as shown in Figs. 9
and 10. We find a pressure-induced semiconductor-metal
transition around (c/c, = 1.02), which is consistent with
recent experiments [34]. Second, the large IPAHE o,, and
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FIG. 7. The calculated energy band of six representative orienta-
tions of the moments.
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FIG. 10. The AHC at different tensile strains along the ¢ axis of
bulk Mn;Si,Tes, where c/c represents the ratio between the strained
lattice parameter ¢ and the initial value.

oy, appear in the broad energy region apart from the Fermi
energy (0.30-0.45 eV). Note that the component o, vanishes
identically due to the mirror symmetry M., [25,56].

VI. CONCLUSIONS

Based on systematic first-principles calculations and sym-
metry analysis, we predicted monolayer Mn3Si; Teg is a stable
FM material with in-plane collinear magnetization and no
imaginary phonon frequency. Meanwhile, a large sixfold
IPAHE appears in monolayer Mn3Si;Teg and exhibits sign
reversal by manipulating magnetization orientation due to its
weak in-plane MAE. Additionally, moderate strains could ef-
fectively change the energy bands and noticeably affect the
distribution of the AHE with regard to the Fermi energy.
Thus, monolayer Mn3Si,Teg provides an ideal platform for
achieving the IPAHE and further investigating the interplay
among magnetism, electronic topology, and exotic orbital
physics.
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APPENDIX A: COMPUTATIONAL DETAILS

All DFT [57,58] calculations with and without spin-orbit
coupling (SOC) were performed with the Perdew-Burke-
Ernzerhof exchange-correlation functional [59] using a plane-
wave basis set and the projector-augmented wave method
[60], as implemented in the Vienna Ab initio Simulation
Package (VASP) [61]. A plane-wave basis set with a kinetic
energy cutoff of 350 eV is considered while performing
first-principles calculations. Furthermore, we have used a I'-
centered Monkhorst-Pack (7 x 7 x 1) k-point mesh for the
BZ sampling and Gaussian smearing of 0.05 eV. Previous
study has shown that the GGA itself provides excellent
agreement with both the magnitude of the Curie temperature

and the Curie-Weiss ® obtained from the exchange constants
[30], so the Hubbard U is not considered in our calcula-
tions. A 3 x 3 x 1 supercell with 3 x 3 x 1 k-mesh is used
to obtain phonon dispersion via the density functional pertur-
bation theory. The absence of imaginary phonon frequency
suggests the dynamical stability of monolayer Mnj3Si;Teg,
as shown in Fig. 5. To explore the nontrivial band topology
and the intrinsic AHE, the tight-binding Hamiltonian was
constructed with the maximally localized Wannier functions
[62-64] to reproduce closely the band structure including
SOC within =1 eV of the Er with Mn s-d, Si s-p, and Te p
orbitals.

APPENDIX B: MAGNETIC GROUND STATE

To obtain the magnetic ground state of monolayer
Mnj;Si; Teg, we considered a ferromagnetic configuration and
three antiferromagnetic configurations with x, y, and z di-
rections, respectively, as shown in Fig. 6. These calculated
energies relative to the ferromagnetic ground state are listed in
Table III. From the calculations, magnetization prefers to lie in
basal plane. Because of the tiny difference between spin x and
spin y, detailed calculations are needed to explore the in-plane
magnetic anistropic energy (see Fig. 1 in the main text).
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